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METHOD AND APPARATUS FOR OPERATION, PROTECTION, AND 
RESTORATION OF HETEROGENEOUS OPTICAL COMMUNICATION NETWORKS 

BACKGROUND OF THE INVENTION 

The invention relates generally to optics and communications, 
and more specifically to optical fiber based networks, techniques for 
restoration of network services in the event of a failed fiber link (e.g., 
a break in a fiber or a failure of an active element such as a fiber 
amplifier) and the use of optical switching to effect such restoration. 

Photonic transmission, amplification, and switching techniques 
provide flexible means of provisioning, configuring, . and managing the 
modern high capacity telecommunication networks. The physical layer in the; 
network, which includes the transmission equipment and the fiber laye£ used 
for signal transport, is required to be capable of reconfiguration of 
facilities in order to support dynamic routing of traffic. While Blow 
reconfiguration of the order of minutes or more may be sufficient for 
rearranging traffic capacity in response to change in demand patterns 
across the network, rapid reconfiguration (perhaps 50 ms or less) is 
required for restoring services in the case of transmission equipment or 
fiber cable facility failures . Fast restoration is also critical to 
prevent escalation of the effects of a single point of failure where the 
affected services (voice and data) attempt to reconnect immediately 
following the disruption of services and may lead to overloading of 
facilities adjacent or connected to the point of original failure. 

In addition to the critical need for fast restoration, the . 
capacity that needs to be re-routed has increased rapidly with the 
continuing increase in data rates for optical transmission and the 
introduction of itiulti- Wavelength -channels -on a single fiber. For: eXample,_ 
the rapid growth in traf f i;Pj q^papi^i^)5 ( ^egu^red. J^^ogg haul 
telecommunications networks has accelerated the introduction of new 
technologies' for transraissioh and ; mul^tiple'idlhgv ■ "T9iuls'mis*s'±ot$ ;> links:. up : to 
bit rates of 10 ,Gbps (OC-192) are .-in cpjnmercial service, and new 
developments in multi-wavelengjt^.CO technologies; are resulting in 

increased cojitmertial availability^of 4-, 8-, 16- , 32-^and 40-channel V^H : ; 
(wavelength division multiplexKiolinks v(at 2.5 Gbps* 'p^^.waveiength i or more) v 

. ".; Transmission of ..sujc'h'^gh/data rates ovezT single fibers also- 
results in making! the network 'mbtte vulnerable to failures of larger 
magnitude; - For example, a single i.fibe^r link failure j^h disrupt 
approximately 13^,000 voice chc$£&ls fo$Q) when the fiber link is operating.; 
at 10 Gbps on a single-wavelength J or -St- 2.5 Gbps on each of ; four 
wavelengths. Consequently, redundant -facilities provisioned for 'dynamic : • ; 
restoration of service also jieedf to provide a similar magnitude of capacity 
on the links used as backup or spare links for ensuring network 
survivability. 
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Therefore, routing techniques used for network, restoration must 
provide.. solutions that are compatible, with the twofold requirement of fast 
switching and. high capacity . 

International and North- American standard- bodies have defined 
various Synchronous Optical Network (SONET) configurations, for operation of . 
lightwave networks . , "Self -healing xing 1 '. configurations allpw for rapid 
restoration of .services _in : the event of a -failure of- fiber transmission 
media. In a four-^ fiber, self-healing, ring network, each node is connected 
to i£s adjacent nodes through; two pairs of fibers (carrying signals. in 
opposite .directions)^. ^One t fiber in. each such- pair is called the "working" 
fiber; the other fiber is termed the "protection" fiber and may be used 
when the working.; fiber ^facility fails.. Each node v includes ,add-drop 
multiplexer- (ADM)- terminal; equipment that originates and terminates signals, 
traversing,,, the • various- links.- in the xing , 

When a. failure ^pf any working fiber link,. .between any .two nodes, 
occurs,, the ADM-, terminal equipment on either side of the failure carries. / . 
out the required re -routing of signals over protection fibers. Such, re- 
routing t pf signals to ^restore - all - se^ices r is .^€|fe.rred to. as "restoration" 
of services. If an outgoing working fiber link fails, but .the ■ 
corresponding protection- fiber link is ..intact , the. signals intended for the 
failed working - fiber,;, will be diverted to .the -intact corresponding 
protection fiber in what is . referred to as .span switching. In this 
context ^reference,;. : to v the corresponding protection f iber means the 
protection fiber .coupled between the ; same ..two nodes,..and:,for. use in. the. same 
direction • (to or- from; -the : pther node) 

., If., the, working, and protection links, fail, the signals intended 
for the ..failed working fiber, jwill.^b©; directed to. the. .outgoing protection 
fiber,. in, th^ being.passed from one, node to 

the next, in what is. referred tp: : ;as ring .switching.. 

However, ..some, of these, restoration schemes (ring switching) 
break, down: in wJ^t .will be ref erred, to as heterogeneous networks .. A 
heterogeneous ring network is one where different links, differ in some 
material respect such as signal -carrying capacity (bandwidth), number of 
wavelength channels, mpdulAt^Lpn; r scheme> yf ormat .^vor protocol. For example, 
certain.high- traf f ic t HnkS/. may_have been upgraded to provide, increased 
bandwidth, by increasing the bit rate of signals on a given wavelength 
channel.,- .-by providing additional WDM terminal . equipment to support 
additional wavelength channels, or both. . ' 

Thus, for .a. variety of Reasons, the network may have a link, 
with terminal equipment at each end, where the signals on that link are 
alien or unsupported on one or more -other links. Since at least some link 
in the opposite direction, will .not. support-, the-, signals that normally travel 
on the failed link, . ring switching is, not ^possible.. A particular type of 
heterogeneous network,, namely one containing, single- and multir wavelength 
lightwave communication links, is sometimes referred to as a hybrid 
network. 
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SUMMARY OF THE INVENTION 

: • The" present* invention provides -methods - arid apparatus" for . 
providing normal 'operation arid service 'restoration-capability in the event 
of failure of terminal equipment or transmission media- '-in- a heterogeneous 
5 network, such as a 'hybrid -'rtetwbrk rcontaihlng 1 single^ arid 'muiti- wave length 
lightwave communications systems ;■ ■ - > r.::-,j ; . 

■ In general, this is : a : cc6mpiis'Hed by 1 allowing ring- switched 
signals to "propagate around the • firig- without encountering the ''"terminal" 
equipment at "the * intervening nodes'.-' *To : the -iekcferht* that- She" protection 
10 fiber links betxveen'-ahy'^iven pair of nodes*, are? iftca$'5£>le of - supporting all. 
the relevant communication regimes 1 , such lfnks--&re : mbdif iedr ; tb-'pf6vide r such- 
support. • ^' - .-r;. -a., h*<trz*j ^ ^n:rr • . 

in spebi'f lc embodiment s ■] an optical " swi tching hbdeV "( OSN) ' is - ; -• 
placed at each node in the ring^' network to -provide the" required connect i'ohs 

15 between various fibers and terminal equipment, but- ^Havirig'svitch- states^" ; ' ^ 
that allow signals ori' the'* protection fibers t*d f bypasa'-fehe 'ter^ 
equipment '" r at that node V- in thd context of a "hybrid- 'network' "where"' only some' 
nodes have WTDM terminal " equipment r v no'rt^ 
mult i - wave length Signals" Become pb^ible^ without ■ di^ 

20 wavelength SONET operation of 'that -ring. " ;r - i 

The steps, if- needed," to -upgrade- the" protection T link3 ; depend on 
the nature of the 1 network ^e'tefogeneity^-but* are generall5^eiafcivel : y 
inexpensive 1 -" Fbr example/ Upgrading the r prbt^tioh- lihk£ £6 suf^ort' -multi- • 
wavelength or ' higher 'bit -rate a 6p^^ the - : 

25 addition of appropriate ■ optical' athplif ieisi ^tL&^-^t :< re^toutxng f o± :: • ■■■ 
restoration of the high-bandwidth (e.g., -i^ 
place" through- the ; OSNsv it' is'-iiot nec&si36ii^to J lfe^ 

equipment capable o& terminating* tli^Mgh'-bandwid^ the- hides'- 

that are* 1 not" norma iiy '"required t# Handle such r ii#Sa^^^ 
30 are bypassed due to the operatxdh' '*b£ v the OSNs - S?-~~ e i?vir. / :u . ? ■„- 

: :; "A'" further un&Srsftaihairig :, -6^ the 
present invention 3 tiiay ? be' : '' realized By : referefe^-to the. - remaining pbrtibhs - r of 
■the specif icat ion and the drawings;- — \- '::rr.-. -* . . . 

35 ■ — —SSiE^to^ 

"Fi^s . and 16' -s'hov? Atypical ^ : 2Sibf.-a$rt^Mhg *ahd^mfesh network'- ; : v 
topologies; / '""" v J " : ' " ; ' — ■* ^ v^-^v--;. 

■■ Fig . : *' 2A is'- V-¥dfi6mati6 r 6£- :, a ? £^ 
line switch ring (BLSR) ; - "od ^<vv\c:v, ::7v.-. : . . . :: ■ ; C - 

40 f^y. '2% is ar'detSil view^of-an add-drbp* multiplexed (ADM) at 

one of the ? -riodes;' :; ' - ; ' ; ' '' s: ^-'^ --^ -■^ .v:r*-3j:v : \- - v ■ • *-' i 

Fig . 3A shows span : restoration in a' SONET^-ring^ V^'' :, -'• 
■ Fig. 3B "shows '' r'irig ; reatbrat'ion- in a^SONET "rifigr ■ .>•";'-' 

Fig. 4 'shows ^a typical : hybrid configuration with" a number of 
45 single-wavelength' rings sharing" : a r multi -wavelength" link; " 
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f- >v: Fig. 5.,shows a. prior art restoration scheme using optical 
switches;, v - ; y. ■„•; --..-v.- 

Fig. 6 is. a schematic of a., fo\ir- fiber hybrid BLSR as upgraded 
according- to- an embodiment of the invention; n . .. 7 

-Fig :? 7 A; and 7B;;.are schematic .. views v .of., an optical, switching node 
(OSN) according :tq : an embodiment of . the i.riy ; entiori;^ ; .. 

? , Figs, ,;8A. and.-. 8B;_ are,. schematic, views showing, a number of 
possible switching. paths : within, the OSN; 

i . Figs,. 9A-?0,;.shpw 15 span switching states for the OSN; 

.Figs. .10A-10T . shpw. 20 ring switching, states for the OSN;, 
•v'-Figs;.. llAr.l^B-^hpw IB protection liber transit (P-transit) 
states for the OSN; . .......... 

Fig. .12 is. a schematic showing a particular implementatiQji of, 
the optical switches in the OSN; 

Fig. 13 shows additional details of the OSN, including control 
logic and additional elements to implement a restoration supervisory 
channel; 

,-. Fig., 14 illustrates,-^ switching, by. the OSNs. in response' 

to a failure of all: .four fiber liiiks between... a p.air of nodes having WDM 
equipment i? .■ , :.. . ./■ 

.: ■ Figs.; 15A-15C,-. taicen together ( .,iom a flowchart of the OSN 
software,*in a specific embodiment ; t ; . ... , . . . 

- Figs.. 16A-4-SC -shpw.the use,, of OSN. sub-modules to achieve . 
additional functionality^ ; - . ^ . f>it: - *;.•..-. 

; : Figs. 17A and: -.178 -show ..impletientations of ..bidirectional 
supervisory.. channels?.; ^z.-.^ ..»../,:: 

; -,: : Fig. show§ an -ir^lementation ,of bidirecfipnal WDM. network 

data ; transmission;, -and. . ; .; -v-/: 

• Figs . ■19A-19C;.show .t;,he, OSNvCleployed in., nepwprks having, mixed 
types of terminal equipment. : . 

; DESCRIPTION OF .SPECIFIC EMBODIMENTS , 

1,0 ^Technological -C^ex^iw : . . ( ...- . . v ; .....^^ , - 

1.1 Network-Layers \- • • 

*.■■<.-.• Discussions of network communications are., often with reference 
to a network layer model, such as the International Standards .Organization 
(ISO) Open Systems Interconnection . V -<9SZ ). . reference model. . The OSI layers, 
from the highest . to the lowest,, include, the. application layer, the 
presentation, l.ayjer,; the session layer, the,, transport: layer, , the network 
layer, the data link layer, and. the physical.- layer ..... . 

- The .application -layer support?, semantic exchanges between 
applications and provides, access to the lower functions, and services. The. 
presentation layer deals with representing data to the end user or 
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application. The session layer organizes and structures the interaction 
between applications and "devices. The' transport layer is responsible for 
transparent and reliable transfer of data without regard to the nature arid 
attributes of the transfer Medium. The network lay£r establishes • 
communication between networks and is concerned with addressing, routing,-, 
and relaying information; The ' da€a^link : layer provides functions and 
protocols for transferring data between network : *r"esourc£s and detecting '. 
errors in the physical layer. The physical* ia^er^ in additibn to defining 
the actual mechanical, electrical, or optical characteristics'- *of r; the 
communication medium, also def ines the ' f tinctabhai 1 ah^ : procedural- standards 
for the physical transmission of databver the- cc^uhibatroris medium. 

The physical layer' is vitselx*- 1 ^ a 
number of sublayers including, from top to bottom, the line terminal 
equipment (LTE) layer, the photonic connectivity --layer; and -the fiber> . 
infrastructure. ! ""-"-^ rx: • - ' : : 

1,2 Fiber Technologies 

" Optical fiber links Used in ; telecommunications aire ^either 
single-wavelength or mul fi- wavelength v : : In a- ^fiberoptic comTmmi cations 
network, an electrical signal is converted to ari optical signal, typicaliy' 
by modulating a laser diode emitting lxgh't ; at "a* wavel-erigtii -suited* for 
propagation along the fiber. The modulated lights-is" •■• injecte'd"- •anto' ' the - . '> 
fiber and detected by 'a : f iberoptic' ; receiVer that Included a phbtbdiode or 
other opto-electronic device to retrieve a signal correspandiri§.'tb the- 
original electrical' signal. ' it "is 'possible v tb transmit many signals on an 
optical f iber 'at the same time using a technique known as^- wavelength-" ^ 
division multiplexing (WDM) Light '"at ^'number of "different wavelengths is 
injected into a single fiber using a wavelength multiplexerV-an^-the light 
at the .individual wavelengths are separated - at the' other ^ end ^sing a 
wavelength demultiplexer . • :i;:r ' ,; '' :r '' ' { 

Wavelength multiplexers and demultiplexers are often referred 
to generically as WDM couplers. It is aisd '^pdaaiW^'-to'^ise^WDM couplers to 
establish bidirectional operation on a single fiber, and WDM couplers 
optimized for such use are often referred to as bxdirebtion&I -WDM -couplers. 
Some other . optical elements such as isolators and circulators are often 
used in conjunction with WDM couplers to establish birdirebtibnal ,; 
communications over a single fiber with reduced cross -talk ,..;back- 
ref lection, etc. Although the'seT elements are hbt easehtia#:;ih -theory, they 
are useful in practice*. '* r " ' ' • • ■ ' :- o 

A given optical fiber that ^supports- 'trahsmissxo^ 1 at a - given' • 
wavelength is likely to support' transmiss'ibn at- a number of clbsely -spaced : 
wavelengths. However, it~ ? is^*typically 'the case that optical amplifiers are 
disposed at various locations'- in the- path, : say- every -30 km, and a typical, 
single -wave length fiber link Is likely to' have amplifiers that^ only operate 
correctly for the single wavelength that is being transmitted on the fiber. 
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A different optical amplifier may be needed to support multi -wavelength 
operation. 

Prior to the .development of ,. erbium-doped fiber amplifiers, it 
was necessary to interpose. ..regenerators ( sometimes referred ..to as 
repeaters) in order .to maintain the signal.. ; .A. regenerator would convert 
the .optical signal, to an .electrical : . signal., . ..amplify the electric signal, 
and then -reconvert , the amplified... .electric, signal to an optical signal. The 

regenerator may ajjiso reshape ..or otherwise condition the electrical signal 
and resynchronize the electrical- : signal to a. master network clock (if 
available) before reconverting. /it. to an optical signal. Common wavelengths 
for. use -in fiberoptic transmission, include, wavelengths ..in. the neighborhoods 
of 1310 nm and 1550 nm. However, ,.the. erbixim ^amplif ierg. operate only, in the 
1550-nm. rcinge, and so. as a. practical matter, 1550 nm remains, the wavelength 
of choice.. In a typical, multi -wavelength environment, the wavelengths are 
spaced.by. 0...B nm (corresponding to 10 Q GHz at 1550 nm) or 1,6. nm,. .and. are. 
typically in the range of 1530-1570 nm. It is noted that a regenerator for 
multi -wavelength fiber would: require that each wavelength be separately 
regenerated, thus requiring a WDM demultiplexer for .sending e^ch wavelength 
on the incoming fiber to a separate regenerator, and a WDM. multiplexer to 
recombine the regenerated, optical- signals onto tke outgoing fiber, 

... ...There are t-wo classes of .optical fiber, referred to as s ingle - 

mode and , multi -mode.,. While multi-mode fiber, is relatively inexpensive, it 
is typically used- only, for short data communications applications (say 50 
meters,- or less) . .^This i : s because the different modes of propagation have, 
different transit times along .the fiber, so .dispersion becomes a 
significant factor over. .long, distances..,. 

3. SONET Restoration . . 

In , the discussion that, follows, the, specific type of. network is 
a synchronous optical network ( SOVIET) , which uses time division 
multiplexing (TD^) ; wherein multiple channels are given : different time , slots 
within a frame. . .. Each; node, includes an^adpVdr.op, .multiplexer (ADM) that 
interfaces the. fibers, .tp : .the- electronic, devices; ..that, are, to . communicate 
with each other over the network.. A .SONET, .network provides reliable . 
transport from point,. to, sppint and has. .the capability of providing 
restoration. , However, . t he ( .invention finds,, applicability, with other types 
of terminal eqiiipme.nt, such .as .devices f ©rerouting. ATM, IP., or other, types 
of packet; or synchronous : data.... 

.. The. SONET ADM. provides., two/, broad. ..functions The first, function 
is extracting information in one . of . the. t ime, slots , from the incoming 
working fibers and output ting information into that, time slot for., 
transmission (along with- the information, in x the other time slots) on the 
fiber that . continues in- the same, direction. The second function is 
performing electrical switching to reroute information onto the protection 
fibers in the event of a failure in one or more of the fiber links. In 
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this application, the term "link" will be used to refer to a communication 
path between' two nodes. The term "spari" is sometimes used to refer the • 
same thing. 

Fig. 1A shows a'typical prior art ring network topology. Fig.. 
5 • 1A shows a ring network' ih which" l a : plurality of nodes '20 are intercohnected,' 
by fibers 25. Fig. 1A shows- a : b'idireStibhal ring : wherein* 'each 'fiode can 
send and receive signals* to and 'f torn' aid j accent nodes bn the ring : f The nodes 
are designated 20a, 20b, 20c, etfcv, 7 and aire denoted as havxng/ADMs. "' The 
nomenclature Regarding the fibers is that *a fiber -for. propagatirig 1 signals : 
10 from a given node to ah adjacent' node is prdVi^ed :: wit:V the 'suffix ' 

comprising the letter suffix of the originating : nbde -and" the ireceiving- ' ■ 
node. For example; n<5de\20a :: sends signals, to:./ hdde^ - 
receives signals 'firom nbcie 20b' bn fiber fSba. : ' J V 
While f torn the poiht of view of the ring, ■th^ sT rii^btibhsV*'are 
15 referred to- as' clockwise and cbunterclbcJcwise, f rorrr a ji rocfe'* s' : pbint of ; view, 
the two directions are arbitrarily designated upstream -and downstream, ot* 
west and east."-'* • ■ '■■ ip.. ..v.-. .■ ■• / 

Fig*. i'B show's : " a' typickl prior kit- mesh 1 -network - wherein' a ' ' " — ' 

plurality of nodeV 30 sehd and Vebeive ^signals' to and^frbm '-other 1 nodes'- "in- 
20 the netwot-k : via fibers 3*S ' 'in : this v *ca%e, k'tr : *lfea¥t. F s6me nodes- afe"capable ; -- 
of sending and receiving signals directly to *and' -from- mbfe r than a "pair of 
adjacent nodes. In the* particular example shown/-- there Ire fo&r : - nodes in 
the network, and each has a direct connection to the -b'ther 1? tlif ee ' nodes; - 

Fig. 2A is a schematic ! of' a *)?riof"art four -fiber bidirectional 
25 line' switch ring : (BLSR) '"Fig r"2S 'differs 1 : frbm¥x'g. -1A ' in that' each fiber- 1 
in Fig. 1A has a cb\interpa'rt / *'in'**Fig. 2A ::r bf a' pa£f -of fibers , cralled the- - 
working and protection fibers. The ADMs : at e " de s i gna t ed' v 5 0 a , * 5-Ob' , 5 : 0c, and 
. 50d, and the four-fiber links between adjacent nodes are designated 55. 

Fig. 2B shows additional details of brie b f - the :: ADMsv ; ■ s ay ADM 
30 50a. It is convenient to designate each fiber in the network according to 
an expanded version "of the numbering scheme' fxoni" ^i^j^i'A, where each fiber 
has a further suffix w*o¥ p; 'designating whether 1 : i : t was a :i 'Wofkihg. ; f iber ; or' a 
protection fiber. ' The ADM has 8 fiber ports',-' two ifiput-iirom each of two 
directions and twt> output' towards' ea'bh -'bf-Tittose' ■twtt-"dire&ions;" !, * : Hesi^ated 
35 west and east , ' " Eacfr iibfe^^ 

protection 'fiber. Each input "port : <:5mm\ihicateis' : with" ah optical" receiver 57 
that converts' the modulated ' optical' a corresponding electrical * , : 

signal . Each output port ' communicates with* an' : optical -transmitter -58 that 
converts the electrical' signai ' to 
40 ADM 50a includes west-to-east demuitipi lex -multiplex units : ' '60 r - : 

and east-to-west demultipl6x-muitiple& units S2 : : The demuitiplex portion 
of each demultiplex-multiplex" unit "separates ; the incoming • signals" ih :: -the 
different time slots and conditions them'; the multiplex portion bf- each ~ ' 
demuitiplex-multiplex unit places (combines)' the individual conditibned^ 
45 signals into their respective time slots for retransmission.' " The 

demultiplex-multiplex units associated with the working -fiber ports remove 
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data -intended *f or that- node^. (shown schematically as an arrow pointing . 
downwardly away f rom.th$ ; un.it) from one or. more, of the time slots and 
insert "data -intended f or; -t,he next ^ node (shown as . an . arrow pointing 
downwardly .into the , unit); into, one or .more of,, the np.w. . vacant , time slots. 
The demultiplex- multiplex- units associated, with the, projection fiber ports 
need -not provide this add- drop functionality^ although typical 
implementations .provide the; add T drop functionality for . all the demult iplex- 
multiplex- units in order; to provide the maximum versatility.. . 

ADM 5.0a further; . incliades provision for electrical switching so 
that each 4emultiplex-multiplex u^^ caivxeceive. its data from, any of the t 
receivers :and- outpu.t it,g.i dat:a ta r any;.g£ the transmitters V j ADM 50a also 
includes- . provision- to pass signals, .f rom ^ protection receiver to the 
corresponding pro teptipn transmitter without^, change. v • 

. Fig, ;,3A : shows ; what is referred to as span restoration (or span 
switching). This .is -when.a^working fiber breaks or some other equipment . 
(e.g., an amplifier) -on the working link, : f ails .. In the specif ic . example , 
ADMs 50a and; 50b .are connected, by working, and. protection fibers 55 abw and 
55abp for ©ommunica,tipjris : r from ADM. 50a to ADM ,5.0b, and further by. working 
and protectionvfibers-.55b.aw and SSbap foif communications from. ADM 50b to 
50a. In. .the specific: example, the link defined by working., fiber 55abw has 
failed, making normal, communicat ions from ADM. 50a to. 50b. impossible. The 
drawing, is simplified, in that . the fiber,, port transmitters!., and, receivers and 
some of the demult iplex-multiplex units .are not shown.. ; 

. ,f SO^T^-restpratipn.provi.des .fpr electrically switching the 
signals that : would:?ptherwise: have been directed . to. ,the„. transmitter for 
working fibers 55abw :; so;, that they ^are directed to. th^e transmitter for 
protection 'f iber.- 55abp,^ at ADM 50b 

recognizes that; .the signals;.ptherwise expected to be . received from, the 
receiver for. working fiber : . 5 5abw- are instead to be obtained, from the 
receiver, for protection ,f iber- 55abp, c and. performs appropriate routing so 
that the signals that are . to be transferred to ADM . 50c (not stipwn). are 
communicated to the transmitter for working fiber 55bcw. 

Fig. 3B shows what is referred to as, ring restoration (or . ring 
switching) , which is required when a working fiber link and its 
corresponding protection fiber, link fail (,the figure shows the . more extreme 
case where both.:working; fibers and both protection fibers fail) , , In this 
case, signals that were..;; to ,be * communicated f rora ADM 50a to ADM 50b, on 
working fiber 55abw are, directed to : be .output in the opposite direction on 
protection fiber 55adp.. The?: other ; ADMs ..in the ring, except. for ADM 50b, 
receive the, incoming data cn : the. protection .fiber and forward it. to the 
next node unchanged; Thus ■■, -the . signals that were otherwise to be received 
by , ADM' 50b on working fiber 55abw are- received on protection fiber 55cbp. 
Similarly, the .signals that were ..intended . to be sent from A£M 50b to ADM. 
50a on working fiber. 5 Sbaw are rerouted to protection fiber SSbcp and 
propagate around the ring in the opposite direction, being received by ADM. 
50a on protection fiber 55dap. 
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It is assumed in the above discussion that all of the fiber, 
links are single-wavelength.^ The scheme could be' implemented with all the ' 
fiber links being multi-wavelength' if every node had WDM equipment for 
multiplexing 'and "demultiplexing 'the" individual wavelengths and^ if the -SONET v 
electrical terminal" e'^ipment (ADMs) Wire replicated for each wave length r 

Fig. 4 shows what' is referred :: to as a hybrid 'network" with a 
plurality of single-wavelength' f bur-f itfef : BLSRs 70 ; 72 , . and ;; 7 5 ■ ' but ■ having ■'• ■ 
a shared multi -wavelength link W betweeh a pair of • nodes 82a and' 82b~< that- 
are common to the three rings. ! It is :; possible to ^ imp lemeht -this since*' the: 
mult i -wavelength link can provide trahsmiss ion- capacit-y equal to- a 
plurality of single-wavelength links ^between" the nodes/- Conceptually,-; 
multi -wavelength "link 80 can just be considered' 7 (In^the" particular example;):.;, 
as performing the fuxic'tion of '3 r 'single-wavelength :; lihks> each dedicated :*to .-. 
its particular ring. However, ' for the* example 'sHown, the cfrx^inal" rejasqn . 
for outfitting link 80' to' a multi -wavelength -cohfi^ration^is that the 
traffic between nodes 82a arid sib'may "be exceptionally "heavy , and the 
larger number of wavelengths may be supported- ori that link. 

""' In the event 'of' a "failure' in -multi- wavelength 1 link 80, 
communications between ADM 82 a and "ADM '82b' c&n be-restored if 'twere are 
enough single-wavelength rings/ such T as rings 70; '72'," ^ and. 75 whose: ; 
protection' fibers could be used "to 'reroute each 'wavelength- channel on a 
separate ring' as 'discussed" above To the extent -that' the^ number -of: • 
different wavelengths' oh link' 80 exceeds* the' number of : protection rings., : r> 
network services between ADMs 82a dri& 8-2b~ will -be ^severely -disrupted, v.. 

As a "matter ^ are 
different, but tfie'te'rt Y^iSk2:ly^Bed-'4^xietically^to refer, 

to both. Protect ion^'ref eVs : ' to ' the fa ct that resources 'have^been^ committed 
to carrying the J data' te'.g f T dedicated -alternate^ ^ths- or" bandwidth :and: arc- 
mechanism tot "" switching) V: fcestbtatxSn, r when : used^ in :r; the specif ic sensev -v/ 
refers to the' ability' tb'*'ac%ive^y ■ se r- 
failure, "which 'reievant i ; n 7 iiesh 'neEworksV' ~ rt ^y *be^ ri&ceas^xy to slow - 
down or disrupt other commutiicitidh :: 'to find the extrct path-*. . 

■ 1/4 Optical : s"witchihq f "' ' ' ■ .. * V-v-;:^,-' • • 

Vig; 5'6how^^ usin^ optical .^switching ^ 

for restoration^. * ih^ figure" s¥ow 90a'-9bd*'.and: : working and,*; . s , 

protection^' rings . : j The working : 'ring ^ 'includes f iber ' links 92ab, iS2bg • 92cd,;- 
and 92da; the ^rdtectiion 1 ring includes ; ^protection- fiber links 95ad, S5bc?.-r 
95cd, and 95da' : . " The figure" only ^riow^- : 6ne-haaf^of the'/ networks: .In..a.'. > . 
bidirectional ^t-wotk, " v 'aaditidnal' : w6rking- and-" protection' -fiber rings would , 
be present , and additional' switched would be provided. '*? * /»: 

' Each ADM 'hak 'associated optical switches uilder control" :of r . the 
ADMs. For example, ADM 90a has 1x2 switches 100a 'and 102a -and a 2x2 .switch 
105a, and ADM 90b has 1x2'* switches^ 100b and 102b and a '2x2 switch '103b . - 
The 1x2 optical switches' have wheat' are referred to as primary and secondary 
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states. jThe 2x2 optical switches have what are referred to as cross and 
bar . states. In phe network* s, normal mode of operation the 1x2 switches 
are set to. their primary states so that the working ring is coupled to the • 
ADMs in the normal way. For restoration, * as' for' example, dealing with a 
break ...in the working ring between' ADMs 90a and' Sob,' switch '102a would be' 
switched to its, secondary state divert otherwise be 

directed to working link.^ 9 2ab to 2x2 switch 105 and onto the protection 

ring. . •■ 

Assuming a failure in working link 92ab, 1x2 switch 102 would 
be set to its. secondary state so as to divert the' light, which would 
normally. be. : sent on link [*j£b r to 2x2 "switch 105a," which would be set to 
its cross-stat.e .to divert the light onto protection link 95da. The 
remaining 2x2 switches, would be set to their bar states' in order to pass 
the light to ADM 90b's .associated 2x2 switch 105b V whieh would be set to 
its cfpss-state in order to communicate the light to ADM 90b through 1x2 
switch 100b, which would be set . to. its secondary state. The fiber links 
traversed by the . light are marked with large black dots. 

2.0 Network Retrof it ting and Optical Switching Node (OSN) overview* 

2.1 ,Retro^£, . , / ' . ' 

.. Fig... 6. shows. how a hybrid ring network 110 can be retrofitted 
and .upgraded to suppprt .. mult ease of 

description, .. the network configuration 'ahd fiber nomenclature of Figs. 2A 
and 2B are used with corresponding elements haying the 6atme reference 
numbers. Primed reference .numbers are used' to desigh'ite multi -wavelength 
capability, and fibers that are multi -wavelength, capable are drawn in heavy 
lines.. .... In- the. particular example, a representative rin^f he twork 1 having ' 

ADMs 59a, ,50b, 50c , and , SO.d has been upgraded so' that working fibers 5 5abw' 
and 55baw' and protectipn,. fibers SSabpV . and" 55bap ( ari6 multi -wavelength 
capable for bidirectional multi -wavelength cbmmuni cat ions on the link 
between ADM 5-0 a, and 5.0b , Thus" this riiig can "share 't&i'k link with other 
rings /; as ..indicated in the; figure. 

. -While. £he figure is ^drawn with separate unidirectional fibers 
f or each, bidirectional working link and' for' each bidirectional • protection 
link, the inventipn ^ where ; one or more 

of the bidirectional ...liiiks .consists ^ of ' a'single fiber' carrying signals at 
one* set., of ..wavelengths in pne. direction and signals at a different set of 
wavelengths in the other direction.' y This' would require WDM equipment at 
each end to separate the optical paths for the two sets of wavelengths. It 
is. also, possible to. implement the invention in an environment where the 
working and protection capacity (shown as separate working and protection 
fibers) is provided on a single fiber having a sufficient number of 
wavelength channels to replicate the necessary bandwidth. 
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According to. embodiments of the present invention, such 
restorability is provided by, the interposition of optical switching nodes' 
(OSNs). 120a, 120b, .120c, and 120d between the ADMs and the fiber' rings, and" 
further by retrofitting'. the protection fibers in' the 'other links so that 
they are .multi -wavelength capable v For example, the protection fibers in. 
the link between OSN 120a and OSN 120.d, . designated' SSeidp' and ^5dap', are'-"'" 
multi -wavelength capable. As noted, above,' ttie single-wavelength protection ' 
fibers are generally capable of supporting multi -wavelength bpetiat ion, but 
it may be necessary to change the amplifiers, if present in the link, to '■• 
amplifiers having a wider gain band to support muTt'i-waveliehgth operation. 

Each OSN includes, optical switch elements and' control ' 
electronics for controlling the optical switch element's . In a specific ' 
embodiment, the control electronics is also responsible for determining* 
when any of the optical links from the network" has "failed, and' ^ ' 

communicating messages to the OSNs in the adjacent nodes, as will" be 
described in detail below. For the initial discussions, the OSN will "be - 
shown with a view to, describing the optical paths. " The figure shows the"' 
OSNs in their default (normal) state where they "act as direct connections 
between the, network .and tjie ADMs. A detailed description of the OSN 
control electronics will be set forth in a later' section ' 

As a matter of nomenclature, the term "node" is used in two 
contexts. First is in connection with the network topology, • -wheire the term 
node is used to signify a site where network transmissions may be initiated 
or terminated. Second is in connection with the optical switching node, 
which is. a separate 4§svice that .is placed at each* node betweexi tH^ terminal 
equipment and ; the netwpyk,, fiber ; 'links'. . 'This' should, be v dleat trom'the 

context' in which., the. .term, is used, ........ ~ . . ... . .. 

r .Fig^ .6 also shows WDM couplers (multiplexers" 'and ' ' ' ' 
demultiplexers), .and additional ADMs in association" with '6a<:h 'of OSNs 120a 
and. 120b. ., In particular, optical signals between ADMs " 50a" and 50d : and : 
optical, sigpals . between ADMs 50b and : 50c do not encounter WDM equipment 
while optical signals between ADMs 50a and '50b' are ; opt ickiiy Multiplexed : or 
demultiplexed ip, connection with ^tfcie other ADMs'. For" exaittple, * signals to. 
be sent from ADM 50a onto working and protection , fibers SSaJSp' and SSabw* 
are., optically., multiplexed; (combined) with "si^hals" from pile "br ttiore ' other : - 
ADMs 50a 1 . by working, and protection wave! engt and 
122ap. .Similarly, signals .for JMDH, 50a coming in orv. wdr'king * ££& protection 
fibers 55baw'. .and .55bap* are. optically demul tip ^lexed : (split ' Off) from 
multi- wavelength signals on those fibers' iby working' and 1 protect ibn r; 
wavelength, demultiplexers 123aw ami 123ap . " Similar WDM' e'quipirfent - is" shown 
•in association with .ADM 50b and one of more' other ADMs SO'b"' . ' ' ~ 

As, .a. matter of t ermino logy',"" """ WDK" t e rmina i eqiiipment'"' ref ers : ' 
generally, to WDM couplers and the like/ while a "WDM teXrmizial* 1 " 'typically • 
refers, to a particular . combination of WDM terminal equipment f or : 
multiplexing and demultiplexing a particular r set of fibers. In Fig. 6, 
working wavelength multiplexer 122aw and working wavelength 'demultiplexer 
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123aw constitute a WDM -terminal, while protection wavelength multiplexer : . 
122ap and protect ion*, wavelength demultiplexer :123ap constitute another WDM* ■ 
terminal. "WDM terminals typically include optical amplifiers and 
transponders (optical-electrical-optical signal conversion units) for each . 
wavelength chahnel in addition to the multiplexer and demultiplexer. 

As noted above in connection with the discussion, of Fig. 4', 
even though the terminal equipment at either end of the multi -wavelength 
link is multi -wavelength capable . (1. is. :i .„,..has: VTOM terminal, equipment and 
appropriately replicated SONET ADMs) , the SONET ring is not capable of 
restoring multi ^wavelength operation in the case of a failure in. the multi- 
wavelength^ link* Rather, ; "it- is the OSNs deployed and configured according 
to embodiments df "the inventiOny that :provide such restoration, capability . 

" It- shbuld be rioted that : the invention is not; limited to hybrid . 
ring networks such as the one illustrated in Fig, 6-> In Fig.* 6; at:feast 
one of the -'links carries multi -wavelength traffic and is terminated at both 
ends by "WDM -equipped nodes; other links in the network carry single- 
wavelength traffic, and are* terminated by nodes, that are incapable' of - 
terminating multi-wavelength traffic. As mentioned above, such a hybrid 
network is one example : of ; a~ : broader class -of heterogeneous networks where 
the communication-regimes on "some links differ In a material characteristic 
such as signal -carrying capacity (bandwidth) , number of wavelength 
channels, ^modulation scheme,' format, or protocols Thus a heterogeneous 
network is characterized by a lirik/ with terminal equipment at each, end, 
where the signals-' oh that- 4ink -aLrei incapable: of -being, transmitted on one or 
more other-: links ,- w or are -incfapable ; of * being: terminated, by .terminal 
equipment- 1 6n- : oner- br "more Other 'links /or both.: , . 

-The -teeluixques of -the present invention: are in fact '.applicable 
to many types : of : hetdrog^eous .ring- networks : ^For;example, different links 
could differ in bandwidth due to^ different numbers of wavelengths supported 
by WDM terminal /equipment 'at different nodes, , even if / all- the links are - 
capable of supporting more than a single wavelength. • Similarly, different 
links could differ in the bit rate or other electrical characteristics of , 
the signals on a : particular wavelength channel; even if the ; different links 
had the same number of ' wavelength 1 chazmels.. 

The * cbhsideratibns : for upgrading- .the protection links in -the 
more -general cas^ are similar 'to the notion in the -specif ic example of Fig. 
6 -of upgrading" -single- wavelength links to support multi -wavelength traffic; 
by providing optical 7 "amplifiers with a wider gain band. For example, 
protection liiiks thait* ; normally carry -traffic at a bit rate -per wavelength 
channel that is* lower thairi the highest -bit; rate in the network might have 
to be upgraded by providing optical amplifiers with- higher gain or 
providing additional optical; amplifiers to support traffic, at higher .bit . - 
rate- per wavelength channel . In some instances, it may be necessary .t.o . 
upgrade different protection links" in different ways so that t all of the 
protection links can carry the traffic that is- normally carried on all 
other working links. As will be'discussed below, the invention does not 
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require that the terminal equipment- be upgraded ..to .accommodate .the 
"foreign" traf ficv. :. -:This . is because the OSN has*, a: switching,. state; that 
allows traffic on the; protection .fibers to. bypass- the terminal equipment. : at 
the associated node. . ; . * ..- 

2.2 OSN, Overview ■ •■■ .r .• . • ■ v .,; r, 

2.2,1 OSN Network Connections and- Por£ Nomenclature L . ., 

.* • '. ef.:A ;. .j. . -' • •. • 

Fig, 7A is: a schematic view. Showing- ra<ddi,tipna h details .-of OSN-. : 
120a. ADM 50a' is shown , generally. . in the'' manner. t;hat 50a ig ; §hown in : : 
Fig. 2B.; The OSN. includes, west and; east network pprts.-y.; and- wfcst;. ^rid-.e^st : • 
terminal equipment ports . 1 The figure shows :.the normal or : default •..switching.^ 
conf iguration where no restoration is. being. .undertaken, In :this 
conf iguration, the OSN acts as "a.' pass -through, between -tha\we^to network-; v 
ports and the west terminal' equipment ports , ..and . befcwesrj. the? east network", 
ports and theceast terminal equipment ports,; :*This- : .i5 only on^ pf the-many 
switching configurations for OSN *£20a, as., will; be described i-ii djetail 
below. The. solid' lines indicate these-: def ault .cpnnectioQSr^;, - i: - 

Given that*ithe> rightrhand (east); s,ide, ; pf ^fchis . particular MM- is 
connected to a mult i- wavelength litik;,. *,t ; he^.conn.eQ,ti.pn- to.,$:he: jeast .^de qfL - 
ADM 50a would "■ be through .WDM equipment as ;ahown ini.Fig.r, 6 .x.-Fpr^piarity,. : 
the WDM equipment -shown 'in' Fig:.' 6".ds JOfrri.tt.ed.. from Frig > -? *> „r As * an 
alternative view, - each pfi- the '.rights hand: ±l^cJcs.;de'5iS^al:^-R3!C„,q.ould' be... 
thought of conceptually ; as ^including, ;a< WDM ;dem^ 

electronic receivers (e.g., photodiodes.) ^each ^^pleA £p ^estpsctiye , 
associated "SONET -ADM circuitry^ -i-Sirailajrly , ^gachrrigfetrihandv block 
designated Tx- could:.: be : thought of ^conceptually ^^s^.^pljiding, a^WDM ^ 
multiplexer "and "multiple:- eieetro-optic.- ttansmit£e£s : \(e ig^r-laser di-pdes) % 
each coupled, to^-respectivev. associated SQNET:;ADM .pircuit^;.;^^.:In; 1 ;the, r ._ ■ 
particular example: shown,, the* lef t«hand "(west). ■ jsids^pf. ABM/SOa-would not / 
have associated WDM' equipment ; i ' \ 

1 \As : -will" be- discussisd :toelowr:rduring-^re.eitpr^tipn„:dvie-.to ^-failure r - 
of a mult i- wavelength link, most of. '.tfce^OSNs ;;in..tii)ar Xing -Jiax^.: to v p.rovide a. , 
bypass path' for the -multi-, wave! engtrh protection ^Ab^rs^j ^.This^i? shown in 
dashed straight lines passing ;±xora:.. one. side -pf -the; QSN £P. tjae. pthe£f,. -It^is., 
generally -preferred tcf ' ope rat a; ct he OSN^inlconne&t^ 

(or regenerators-). ; 125a and. ll5b^;-ohe: £or.':.each.;Qt:t&^ ■fiber r; - ; . - 

bypass paths . :To ;:this ; ; end the QSN. -further . include? ..-atm^lif ier/ regenerator; 
ports for such -connections ; •;•: Regeneration;, will -Syp^eall-y,:,,)^: required if ; .the. 
nodes are .separated by more - than , abbut 1 ! 600: km.. - The i .connect ioi)-^ kp; T the , 
ampli f iers " ( or : regenerators )': are shown -as . curved.... dashed .{1 j. ; nes- jshat cause 
the amplif ier* .(or regenerator j .:• to;be..part of . the bypass path*. . Note that in. 
this bypass path, " the protection, fiber is. not in optical communication with 
the ADM. . • , 
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Fig. 7B is a schematic view of OSN 120a showing an alternative 
nomenclature for the OSN's network ports, terminal equipment ports, and 
amplifier/regenerator ports. The ports are shown as "short arrows 
indicating an input port or an output port (from the point of view of the 
OSN) . Fig. 7B shows the ports in the" same order ahd' relationship to the 
network and terminal equipment as Fig. 7B. 

.. The„QSN's input ports are designated as' follows. Tx-W-West and 
Tx-.W-East designate the working terminal ports, coupled, to the transmitters 
for the. west and .east sides, while Tx-P-West and Tx-P- East designate the' 
protection, terminal pqrts coupled to the transmitters for the west and east 
sides. Similariy : ,^W-West- (In) .and W-East-(In) designate the working 
network port? for. the .west and\east sides*, while P-West-(In) and P-East- 
(In) designates .the . pfot§ction network £orts for the west and east sides. 
In a like, manner, Reg.en-W-E- (In) and Regen-E-W- (In) designate the muiti- 
wavelength. signal ports . coupled to the outputs of regeneration (or 
amplification), equipment for signals traveling west to east and east to 
west* 

The OSN's output ports are similarly designated.' Rx-W-West and 
Rx-W-East designate the working terminal ports coupled to the receivers for 
the west and east sides, while Rx-P-West: aild Rx-P-East designate' the 
protection terminal, port;? t coupled ; to the receivers for the west and east 
sides, ... Similarly, ...S-West- (Out) wd W-East- (Out) designate the working 
network ports for the we§.t . and . east sides, while P-West- (Out) and .P-East- 
(Out). designates .^.he, protection network port for the west' and east sides. 
In a, like maimer,,^ the multi- 

wavelength, signal, .porta , coupled to the inputs "of regeneration (or 
amplification) equipment for signals traveling west to east and east to 
west. : . t ■ : ... _ >v . ;.i.. r ..... , ... . ,.. w . "'. 

. , 2.2.2, OSN Switch Connections 

Figs. 8A and 8B are schematic views showing' a number of 
possible switching paths within the OSN. Fig!' 8A is drawn as an 
interconnection map between the inputs and the output ports of th<3 OSN. 
Any number of these connections may be made' exclusively 6t simultaneously 
in order .to provide the ; required operation of the optical switching node. 
The port nomenclature is as described a^bvein connection with Fig. 7B, but 
the ports are grouped by input and outpujt potts .' 

Fig. 8B is drawn as a crpssppint matrix (grid) : showing' the * 
circumstances under which different ^switch positions might be required. 
The OSN is a sparse cross-bar in the sense that only V small fraction of 
the grid positions are populated (22 out of 100). 
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3.0 OSN Details and Operation 

3 .1 OSN Switch States 

3.1.1 Overview of OSN States 

. The. following sequence of figures, ' including Figs. 9A-90, Figs'. ' 
10A-10T, and Figs. 11A-11R, show' various states of the" OSN required by 
various conditions. The .figures show the OSN as drawn in Fig"f'' : '7B,/' : but: : "^it'h ' 
the ports labeled only as protection or working".' Each 'port "'whose • fiber : * 
link has failed is shown with a round black arYow&ead,' the ribrrhai. working" 
and protection connections are shown as solid lines, "t£e t restoration * * /: "\ 
connections are shown as heavy solid lines, 'arid the' original/ but no c : lq'n|(eir- 
effective, connections are shown as dashed lines 7 The" states hkve' bien"^ Vi 
grouped into four classes: (i) normal, (ii) span switching^ (iii) ring" 
switching, and (iv) protection fiber transit (P- transit) Stated in the v 
latter three classes are numbered and labeled by the protection f ±h€±- or * : 
fibers that being used for restoration. 

3.1.2 Span Switching States ^ 

Figs . 9A-90 show IS span switching "states "for" ' tW v OSN. : ' ' ; F6r ; ' 
ease of reference, Fig. 9A^also shows the 0§N in' its'' 'normal*- sta,te.'~ ' Spanr- ■ 
switching refers to. a situation where "a working fiber iiiik : h£s failed but- 
the corresponding, protection fiber has not".""" in .this ' ■ cbrit.extr : r ; re : ferehce.' to- ' 
the corresponding, protection fiber means on "the'sanfe : 

side (east or. west), and ior use" ip" the same direction ■( in br but with'" 
respect to the OSN) . In this case, the VeriirtiiiarVo*'t' r {^" 6r TxY "f or-'-the ' : - "•• 
failed working fiber is coupled to. the corresponding protection fiber 
network port (in or out) . 

Figs. 9A-9D show the span "switching' 'state's "-for ' a" single failed 
fiber. These states are designated as follows: . 
(ii) 1. Span Switch West-In; 

(ii) - 2 . t Span.. Switch West -Out ; ' • - iv' 

.(ii). 3. Span Switch. East -In; and : ' : " *'"\" a..; 

. (ii) . 4 .* Span Switch East-Out . "" ' ' 

Figs. 9E-9J .show the span' Wit chi rig "states for two' failed ' 
fibers. " These states are designated' as' tbllows :* " " . • 
(ii) 5. Span Switch ^ West -In, West -Out ; '/ '* 
(ii) 6. Span Switch East -In/ East-Out ; ' • 

(ii) 7. Span Switch West- InV Ea'st -but ; " "" - : .= v . • . : . T >: 
(ii) 8. Span Switch West-Out, East-Ih;- " """ ' - ' 

(ii) 9. Span Switch West-In/ East-In,-" and ' ' 

(ii) 10. Span Switch West-Out, East-Out. 

Figs. 9K-9N show the span switching states for three failed 
fibers. These states are designated as follows: 
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(ii) 11." Span Switch'West-In, West-Out, East : -In; 
(ii) 12. Span Switch 1 West- In/ West-Out, East -Out ; ' 
(ii) 13. Span Switch East: -In, East-Out;- West-In; and 
(ii) 14. Span Switch East -In, East-Out, West^Out. ' 

Fig. 90 shows the span switching^ stk'tes for four failed fibers , 
This state is" designated as follows: 

(ii) 15 . Span Switch* West -In/Out, East-in|/but . 

3.1.3 Ring Switching States 

Figs. 10A-10T show; 20- : riug' switching states -for the OSN. Ring 
switching refers to a situation where a working fiber and its corresponding 
protection fiber have failed:"' Ring switching can occur in the - Absence or. 
presence of sjian switching';^ Ih'this case, the' terminal'' port (Rx or Tx) for 
the failed working "fiber is coupled ' tb the protection fiber network port \ 

(in or out') on. the other side. Accordingly; if the west working and 
protection '.fibers' have failed', " the terminal port will be coupled to the 
relevant protection network* port on the east side. As mentioned above, the 

labeling of the ' states refers to . the side of 'the OSN (east of west)- and 

direction (in or out) of the protection port that will .couple : to a viable 

protection fiber.. 

Figs. lbA-lOI' show pure ring switching (working fiber and 

corresponding protection fiber ; pair both fail?: Figs. 10A-10D show the 

ring switching' states' for one failed* pkir. These' states are designated as 

follows : 

(iii) 1. Ring Switch West -In : ' ; ' 

(iii) 2. Ring' Switch West -but' ' 
(iii) 3. Ring Switch East-Out'^ 
(iii) 4. /Ring Switch East- in 

Figs. 10E and 10F show what is referred to as full ring, 
switching, namely a circumstance "where both pairs on one side 'have failed. 
These states are designated as follbws: 

(iii) 5 . Full Ring Switch West ; and 
(iii) 6. Full Ring Switch E^st. ; " '* 

" Figs . 10G and 16H show "stated where one pair on 'each side has 
failed. These, states are "designated as follows: 
(iii).. 7 . R i ng S wi t ch We s t - in , E a s t - Oil t ' ; and 
(iii) 8. Ring' Switch West -Out,' : East -In.' 
These, two .states are actually riot used iii '"a :' current '• implementation since 
they would not be useful.' for "the part^culaf type of 'terminal equipment . 

Figs. 10I-10T show states with simultaneous ring and span 
switching. These states arise where one' pair on one side and one or two 
single working' fibers' have failed. * These" states* are designated as follows 
(iii) 9. Ring Switch West-In, Span Switch East-Out; 
(iii) 10. Ring Switch West-In, Span Switch West-Out; 
(iii) 11. Ring Switch West-In, Span Switch East -Out, West-Out; 
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(iii) 12. Ring Switch West-Out , . Span Switch East-In; 

(iii) 13. Ring- Switch West -Out ,. Span Switch West -In; 

(iii) 14.. Ring Switch : West -Out , Span Switch.. East- In, West -In; 

(iii) IS . Ring Switch. East. -In., Span. Switch East -Out ; 

(iii) 16. Ring Switch Ea?t.-In ; , . .Span Switch West-put; 

(iii) 17. Ring Switch East-In, Span Switph East -but, West-Out? 

(iii) 18. Ring Switch EastrQut.,, Span Switch East-In; 

(iii) 19. Ring Switch East-Out, Span Switch West-In; and 

- (iii) 20. Ring Switch East-Out, Sgan : S witch East-In, West-In. 

3.1-4 Protection Fiber Transit States „ A 

Figs. 11A-11R . show : ,18 protection fiber, transit (PrtransitV 
states for the OSN.., These states .support tlie propagation of # ;.muiti7^ ^ [ " ' 
wavelength traffic around, the ring, iiv the. event of a" failure . of r a , multi- 
wavelength link, in the ring.. Since all the nodes are not guaranteed to 
have WDM terminal equipment >, the. switched traffic does not pass .through any 
of the intervening terminal equipment , put rather . only encounters "the ' WDM 
terminal ...equipment on. .either side of ; the fa.iled multi -wavelength, link. ■ ' 

Figs. 11A-11I show a firsit set of the transit states that ^do 
not use the amplifier/regenerator ports, but rather provide a straight " 
through path, from an, incoming protection., fiber on one, side od the OSN to 
the outgoing protection fiber on the other side of the OSN. These states, 
which . include states where sp^n switching is , also ^occurri^ 
as follows: 

(iv) 1. P-Transit West- to-East ; ;. 
(iv) 2. P-Transit West- to-East, Span Switch, West-Out;"' 
(iv) 3. PrTransit West-to-East, Span Switch ^ East -In ;" , . . 
(iv) 4. P-Transit West-to-East, Span. Switch West/6ut, East-In; 
(iv).. .5 . P-Transit -East - ; to-.West; .... . 

(iv) .6,. -P-Transit East- tp-rWest, Span Switch West-In; . ' 

(iv) 7. P-Transit East- to-West f Span Switch East-Out ; 

(iv) 3. P-Transit East -to- West,, .Span Switch ^West-In,. East-Out; and 

(iv) 9. P-Transit West-to-East and East- to-West. „ 

Figs . ..llJ-ilR show. ; a„ secpnd set of the transit states that do 
use the amplifier /regenerator^ .pp.rts. These, states correspond to the first 
set of transit states except., for,. the fact that the signals *inpvi't""on the 
protection fiber are directed tq the .amplifier or regenerator being 
directed, out on the jprotectipo. fiber on the other side. 'These states', 
which include states ..where sp«ui switching, is i also ^ .occurring, are desi 

aS follows:-,, , . _ 

(iv) .10. P-Transit. ..(Amp/Begen) , West-^o-East ; 

(iv) 11. P-Transit , (Amp/Regen) . West-to-East, Span Switch West-Out; 

(iv) 12. P-Transit. (Amp/Regen) . West-to-East , Span Switch East-In; " 

(iv) 13, P-Transit (Amp/Regen) West-to-East, Span Switch West-Out, 
East-In; 
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(iv) 14." P-Transit' (Amp/Regeri) East-t'o-West ; " 

(iv) 157 P-Transit' (Amp/llegen) Ekst-to-Weist , Span Switch West-in; 
(iv) l§. P-Transit ' ~<Amp/Regen) East-to-West*;' Spiah Switch East -Out; 
(iv) i7. P - trans i tf (Amp/ Regeri) East-to-VTeist, Span Switch West-In, 
East-Out; and ^ . 

(iv) 18. P-Transit (Amp/Regen) West -to- East and East-To^West . 

3.2 OSN Detailed Implementation 

Fig. 12 is a schematic showing a particular implementation of 
the optical switching portion, referred to as optical switch block 150 (or 
simply switch block 150) , oV an OSN having* the' states and functionality 
described above/ From' the interconnection map of Fig. : 8A or ' the ' crosspoint 
matrix pf Fig! 8B r it can be 'deduced that all the connectivity 1 required in 
an OSN can be implemented" by a" small number of switches of ixN ' and : 'Nxl 
type. In particular, the connections shown can be realized with' two 1x3 
switch elements, two 1x5 switch elements, two 3x1 switch elements; and two 
5x1 switch elements (8 switches). Fig. 12 shows the switches arid 
interconnections for switch block ISO explicitly. A particular state of 
the OSN can then be specified by the states of the switches. 

As can be seen, first and second 3x1 switches, designated 
WJTERM WEST_OUT_SW and W_TEJW_EAST_OUT_SW have their single output 
tertninals coupled to the west "and east workihg receiver ports; while first 
and . second 1x3 switches,' designated' W_TERM_WEST_IN_SW and' W_TERM_EAST_IN_SW 
have their single input terminals" connected to the West and east working 
transmitter ports. Further, first and second .5x1 switches, designated 
P F WEST_OUT_SW and P_F^E^T_OOTj3W tikve "their single output terminals 
connected to the west "andL east network p'rbtectibn' output port si', while first 
and second. 1x5 switches, designated PJMreST_IN_SW : and : P_F_EAST_IN_SW, have 
their single input terminals connected to the west . and east netwbrk 
protection input ports . The multiple terminals <bn the switches are - 
connected to the other OSN ports or to multiple ' terminals on other switches 
to allow the OSN to assume the switch states described above. 

While a general" NxN 'crbsspbint matrix switch may be used to 
implement the required functions of an OSN, an implementation such as that 
shown, in Fig. '12. provides significant ecbnbmies. A" full 10x10 switch 
matrix would require 10 1x10 "switch elements and 10 10x1 switch elements. 
Further, in many switch technologies , 1x3 'and 1x5 switch elements are far 
easier and cheaper to fabricate than 1x10 or 10x1 . Thus the preferred 
implementation. of the OSN offers savings in the number of switches (8 
versus 20) as' well as the cost per switch. Eveii though the specific OSN • 
uses a sparse 10x10 matrix (see Fig! 8B) ', OSNs for various other network 
configurations can be designed' using the same approach, possibly with a 
different number of ports or a different desired set of "states; : ' 
The OSN caii use a variety of switch technologies. These 
include, but are not limited to semiconductor optical amplifier based 
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switch elements and optical directional couplers (IxN and Nxl) , .electro- . . 
optic and. polymer .Ipased lightwave switches <lxN and Nxl) , opto-mechanical. 
lightwave, switches (lxN and Nxl);, . .and integrated lightwave circuits to 
realize the optical switching node. In a, current; implementation, opto- 
mechanical switches procured from E-TEK Dynamics, inc. of San Jose, 
California were used. Optical switches are generally reversible, (at least 
for passive switch technologies), so whether a switch is a lxN switch or ah 
Nxl switch depends on the way it is connected. 

3.3 OSN Controls and Software . 

Pig. 13 is an .optical /an£ .electr^qal sqhemat'i 
of OSN 120a, and shows additional details r of the OSN, including, control 
.logic. and additional elements, to implement a restoration supervisory ^ ' 
channel. As., mentioned fbPVe, the OSN control circuitry' is Jused to operate 
the optical switching, node and provide the necessary messages'" which are 
transmitted oyer; an optical, restoration supervisory channel to adjacent 
nodes. The messages sent pn the Restoration supervisory channel are 
sometimes, referred, to ..as. pilot, tones. The communication medium for the 
supervisory messages is ; the ..fiber network itself,, and the messages are 
merged with the, network data using WDM couplers, as willTnow be/described. 

The elements in, ; OSN l?Qa include/. . in ; addition to" switch block 
150, WDM couplers for placing , messages on ; the network links and " taking .them 
of f . the links... . r Each; iriput netwprk gort has an associated WDft" demultiplexer 
160, which direct S:..t^e- optical .netVpri/ signals tp the corrVspondihg* input 
network port ; ori r ;swi£ch blpck, 150, a^d^irects th_e~ optical^ 

messages to a,., respectiye, ..opto -electrical receiver, 165 . The signals f rbm ' " 
receivers 165 are ..directed, tp .Qpr^trpl. \°$*>9. w 17 X.' 3 -j^*^*?*Y'^ each' output' • 
network port has-arv associated WDM .multiplexer 1.80,^ which 'combines the"" ' 
optical network.. .signals ..from the . corresponding "output "network port "on - " ■ ■ ■ 
switch block 150 -with optical supervisory messages, generated by a 
respective opto-electricaj. .transmitter. 185 . Transmitters" 185*are dfiveh 
electrically by control . logic ,170 .. . qpntrol logic 170 cbmmiini'cates with a 
circuit 190, which. controls. and, drives.. the opt ijc a l~s Witches in'" switch' block 

150. • : ; ; . ;. • • ; , ; . ■ . / ' ;; v , ,,. : .. , , . ^. , . J ^ " ' \ , . ^ ' _ 

■ , Data, processing c.ir.cru,f ts„ t or ATM. or other: 'data^ "processing are' 
associated with, the transmitters ^nd receivers. . Conceptual ly, they can be 
considered part,, of the transmitters, and receiyers , or part "of" the' control " 
. logic. In a. specific ( implqmenta^ used; 

; . The .. supervisory messages, are carried on a wavelength that is"'"" 
removed from the wavelengths r pf the .^'twork data messages (1530-1576 nm)' ," 
and typically are, at. a lower bit., rate, (say 0C- 3 or. 155 Mbpsj." "Thus, while' 
the fiber amplifiers in the .netwprk may not provide as much ' gain as ' they do 
for the signals . in : the main, wavelength band, the detectors in receiver's 165 
do not need as much gain, for the signals at the lower bit rate. "Candidate 
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wavelengths include 1310. nm, .1.480 nm, .1510 .-nm,., and ;-162'5. nm, with 1510 nm 
being presently preferred. 

; _- A computer, such ..as an embedded, processor 200. ; ia' coupled to the 
control logic, and stores restoration software, in ap .on-board-or of f -chip . 
non-volatile memory (e-.g., PROM or if lash EPROM) - , T The restoration, software: 
(a) processes- incoming supervisory messages and make decisions, for 

operation :of the.- optical, switches (i .e . ,, : to set ; the switches to the. 
appropriate state) ; and.; ,{b) , generates supervisory messages to be sent to 
adjacent nodes , , to allow, : them,; to set; their respective states, accordingly. 

. * . While it. is, ; possible ta implement centralized control .of -the 
OSNs'in the. network., -it is,- preferred to have each node, pperate autonomously, 
on the basis pf signals.^ v it . receives from its . .adjacent nodes. . Each OSN 
sends i'Vkeep alive" ^essagesr.to.; its. adjacent nodes a ; t . regular, intervals , and 
each OSN monitors such incoming messages, to detect a. loss of. signal..,^ 
Depending on which fiber link has failed, OSN processor 200 determines 
which type of switching needs to be performed, and operates to control the 
switches accordingly. The OSN also sends messages to its adjacent- nodes, 
informing them. of the. action taken,, so, they can reconfigure themselves 
accordingly,;;' -.' / ■ , . r •■ 

3 . .4. :: OSN Operation ,- 

Figv* 1,4 illustrates the operation, [qf the OSNs. and OSN software 
in one possible scenario, namely a complete failure : of all. four fiber links 
between. OSNs .A2c0a;;and;12.0b.<:. . As;., shown in th^ : . figure, i:A the. protect ion fibers 
have been, switched -to -provide. ..WDM signal , transit wh;4® leaving, the working 
fibers between^tberABMs, undisturbed-. The .ultimate stane of the ring would 
have thef.OSNs --..in- the ;f;c&iovfing. state?: , : 

.OSN:.120.a in, vs. pate (iii) 5, Full.vRing Switch West ; (Fig.. 10E) ; 
OSN 12.0brin : ^tate.; ; {iii) .6.. Full Ring Switch East (Fig . 10F).; 

. :and. : .. . • * •„•. .-. ;.. • . .. . > 

f ;0SNs ; 120 c . and 12 : p.d . in. : . : sta£e- f (iy) -9, ..-PrTransit, Westrto.rEast and 
-East-to-West; ;(^ig. li-l) : . v ,.-.. r . r 

However, no single message from any of the. OSNs.. would cause, this, but 
rather a sequence of messages would be required, as will now be described. 
Assume - that no .other; atonprmal conditions r were; : . existing at the, time of the 
f aiJ/ure.:. . > : ?. •; . ' . 

In this: catse £SN 120a would detect the loss of incoming 
signals, on its ; east, side and send a ;> message in both directions that it has 
detected such a;; loss. OSN . 120a woul4.. : then set the appropriate . switches to 
route signals incoming on P-'We.st-. ; (in).. to- Rx-W-Kast-, : . 

. ■ Meantime, OSN. 120b would, detect the loss of incoming signals on 
its west :side and send a. message in both, directions that it has detected 
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such a loss. ' OSN 120b would ! - then set the appropriate switches to route . : * 
signals incoming on P-East- (In) to Rx-W-West. 

In resporise to the messages from OSNs 120a and 120b, OSNs 120c 
and 12 Od would determine that ; full afing switching ; wis '-to be iru effect, and ' 
would set their appropriate swit£heV : : to route signals incoming oh P-West- 
(In) to P-East-(Out) and si^als-inebmihg- on P : -East-(In) . to P-West-^(Out) v 

In the 'cohfigur at ioh :;i shown in Fig. 14*; : OSNs : 120c arid- 120d- • : •-. . • 
transition to their respective^ pass- through transit : states without 
regeneration. In general, it is ribt hiscessary that -eveiy : OSN" have ah 
associated regenerator. Ratheir, as 'ribted- above,- '■dp'tfifeal^ electrical/optical' 
regeneration is only -required at 6 00-< km- ante^al^'atxd «b it' ^fta^ -be. that 
only some of the OSNs Jin the network' have associated- -"regenerators.; -To the 
extent that a given 7 OSN has an associated regenerator; ;> ^^wouid^nfcef state 
{iv) 18. P-Trans'it ' (Amp/RegenT ;West-tb:~Bast and E As t V To - We s t A (Fig. " ; IJR ) i 

■ 3 .5 ' SONET (ADM) Switching and OSN Switching ^ ' ' ' ■ * . 

While FigV' 14 shows the restoration"- in' ring 110 . using the OSNs;. 
it does not address the issue of how restoration occurs in the other 
single-wavelength rings that share the multi -wavelength link but may not 
have OSNs. These other rings do their normal ring switching as ^controlled 
by the ADMs -on those rings. When the multi -wavelength link is restored 
through ' the "bSN switching as described above; c these ADMs- recover traffic on 
their original .working pofts and revert to normal operations - .-v; « 

The SONET ; switching and the "OSN switching-, can. ope rate : without J 
interfering with each other. ' For exarttpTe^ there is no constraint -oh the ^ 
relative speed oi rin^f- switching response' time. -PUt another .way; the 0SN-: 
switching time does not need to be faster -than ; the SONET: ring - switching 
time (5-50 ms) . Thus, if the SONET switching -(in the ADMs) occurs faster 
than OSN restoration, the ADMs- revert to their original state-after OSN 
switching . : * On the' other- hand'; : - if the SONET : switching occurs more slowly 
than, the OSN restoration, the ADMs do not see a (verified) break on the . 
link before' traffic is restored through the OSNs; Thus-, "a rading condition 
is never created since the switching processes are- mutually 'independent . 

3:6, Restoration - Software 1 Details •.■r^vf.n \.;/:.-.^.; 

"Fig's-.-' iSA-iser taken "together;- form af -flowchart ofrthe^OSN . 
software in a specific embodiment. As described above,' each OSN has - two 
inputs (working arid protection) on each -side (West >ahd East). \*r Thus it can 
monitor the presence :: or absence of signal <bh-the'se two ^inputs When there ; 
is aiiy disruption in the signal, the software resident at - the OSN 
determines which signal failed,, and- changes state of the switches to a 
suitable .position such that the lost' signal can now -be received from/a 
protection fiber input, either from- the same direction' (span- switching) or 
the opposite direction (ring switching) . While the switches are being 
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changed to the "new -stare,, the -OSN: also communicates this .change of state 
and any action request/ instruction to its .adjacent*. OSNs., if necessary, so 
that the adjacent OSNs can take appropriate, action; to -route the., signals , 

Each OSN communicates with, its two: .adjacent nodes -over all four, 
fibers interconnecting- the* OSNs. . In . the ..cuxxentviimplementationy ATM 
packets are used over each communication channel to send and receive 
messages.- Each such channel between the .OSNs .is referred, to as a 
restoration supervisory channel. The restoration messages sent . by each OSN 
contain local inf ormation-" about "that vnode.r-including: • 

'Node i.d. (a~-uiiique.i;d. .assigned to each node); 
••• Logical "scate'-of the. node; x . -.. t . 

■ Physical estate of the switches" at the .npde; 
Status of l ^any equipment faults_at the no<ie (e.g., failure of 
laser "or -other -hardware) ■ *> 

Each OSN alsb sends -ins true tiohs - to other nodes for carrying out certain 
actions- given the local knowledge at that. node. 

4.0'' Additional Features -and Alternatives , 

4.1 OSN Sub -Module 

Fig. 16A shows how a protection WDM terminal 205 at a network 
node' can 'be used i : h* place of : a- separate regenerator i ..The ADM (one of 
multiple ADMs a t :r this node) and: OSN at "this node are,- designated by 
respective reference' numbers 50 and 12,0;,? corresponding to earlier figures. 
This possible elimination; of the need ,f or a separate regenerator is based 
on a recognition- that whfciv the OSN :at /the ;node :is ; in^ ipne^of . its bypass 
states-, the ^relevant ' portions 'of the *: ADM l s .protect ion . circuitry are : not in 
use'- and' the protection ports -eff - the ADMs can be bypassed. The figure shows 
the protection- paths int^ r the : WDM- and' the ADM -with ;the bypass path for one 
of the wavelength channels^ drawn as . a heavy line . . ■ The working fiber paths 
are omitted for- -clarity : .-..."J : r<r :u : . 

. .. ^ gg t 0 vf separate^' switching arrays, . referred to, as OSN sub- 
modules 210 are* disposed^.betveen the: WDM terminal and. the .ADMs/.. :: Each . sub- 
module' includes as many 1x2 -switches. .*as there, are.: wavelength channels . 
Fig;- 16A shows how regeneration can be provided for„ west-tp-east transit . 
using the WDM terminal that -interfaces the:. ADMs : . to the link, on the west 
; side of the node.* : - I- 1\ will- 'be" apparent .that ;if;. the node has -WDM -equipment 
that interfaces the ADMs to the link on the east side of the. node,. 
additional sub-modules cart be disposed. between the additional WDM equipment 
and the east sides- of the ADMs at the. node. 

Fig", 163' shows the OSN; sub^modules in their normal: state,, where 
they couple the protection fibers to the. ADM protection ports, as. if the 
sub-modules* were not there:-. ' Fig. 16C. shows, the OSN sub-modules in their 
ADM bypass state where they- bypass the ADM and cause the WDM terminal to 
act as a pass-through" regenerator.- The portion of the W1?M terminal for the 
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protection fiber 'from "the ! OSN includes an optical ; amplif ier 2a*5;va 
wavelength demultiplexer 220 r' and separate transponders 222 for each 
wavelength- channel - .Similarly;-' the portion- of,. the WDM terminal .for the- 
protection fiber to the OSN 'includes separate transponders 227 : f or each 
wavelength channel , : a- '.wavelength: multiplexer 23,0-/ and : an optical, amplifier 

The regeneration (signal -^conditioning); takes place*; i^.. the . ■ , 
transponders that are paxt ; of the protection WDM -terminal . - Thus-, the . 
incoming wavelength channels oh the ^single; fiber r.'are •.first; opt-ical,ly 
amplified by amplifier 215 and optically demultiplexed by ..demultiplexer 220 
onto separate fibers, whereupon the individual; wavelength .channels are 
converted to electrical 'signals; which, are conditioned :*nd reconverted to 
optical signals by transpbnders 222 ; In the,. ADM bypass .:stat.e^.the OSN sub- 
module then routes the individual optical signals tor the .Qther- '.portion of 
the WDM terminal where the signals are conditioned: by -tr^sppndeys 227 and . 
then put on a suitable wavelength for multiplexing .bylmultiplexey 23 0 ; , . 
amplification by amplifier 235, and transmission through the fiber; It 
will be appreciated that the bypass ^path* could possibly inplucie -.a separate ;.. 
WDM terminal depending on how the WDM terminals are deployed in the node. 

4 .2 Bidirectional Supervisory Channel and Network Channel 

' As described '.above ■ atid: shownrin- Fig;... 13 r. -supeirvfespry .-messages. 
are sent on working - tod- |>rotfeetion :fiber.Sr'oniy? in- thft di-?ectaonj : .o£ the. . .-■ y 
network data ttfaffie those fiber^v: ItUs-possi&iQ*: h^we^er^vand . there :., 
are potential benefits to- having bidirectional ^uperYia^?^. .-messages, sent .on 
each fiber, even 'if -that* fiber' -is only xdrrying network-data-in pne v 
direction . In the ' system* :with ^-unidirectional -supervisory,, messages/, the OSN 
only n learn£" v 6f a- 'f&iatfre in an^outgoing -,link;.,v^n-; tb$..ji^: l $%-.Zh$ r o$hfiT. i . , 
end of the- link fails* to receive messages- and^notif^^ the .^remaining OSNs , 
of that fict Thus the message regarding the-fail^^-^eedsj^tor propagate ... 
around the ring, which can slow down the restoration switching. > 

: Pigs . 1-7A- aAci^l7B -show two:: dmplementati^n. options \,f or realizing 
bidirectional ^'supervisory ^channel ^message t-ransmissiQiu..- -.. ; £hese are 
fragmentary vieWs ^corrfespondittg?.to qportiona; of 5ig. : J-:3.y ; r : Ppr :: $.„giyen: 
network f iber ^ ('incottii'ng" "or outgoing . with trespect: ^.o,.the OSN) ••, ..t&e single . 
receiver ('165' "in "Fig":" 13):- fdtVan- incoming -f.ibe^o^ the : ^^gle ; ..tpansmitter . . 
(185 :in Pig ? . :J i3)' - for - an ■outgbiixgvf iber -^is: repl#Qe& Jby ^a receiver: 165 ' and a 
transmitted -185 ^. - ±Z . * :\u-\\ : '■• . : . \ ■ -.m?- z 

; "'■ Fig . 17 A Shows' ah- 'implementation :vwheire the . incoming and . 
outgoing supervisory messages are ^on::£wo .different . wavelength channels,;.;, 
which are rembved' from -the wavelengths channel ;or, channels dedicated to the 
network data. ' A **bidireetiOhal i - WDM': coupler ..-24Q serves: both as a. multiplexer 
and .demultiplexer for the supervisory- Wavelength, channels . v - Fig . ,17B shows 
an implementation where the* incoming and outgoing supervisory -messages are 
on the same wavelength channel.. Separation is achieved using a broadband 
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optical coupler 242 and an isolator 245.' In both "these-* View; the network ■ 
data is shown as ''being 'bh" wavelength channels numbered- i v to- h, but this 
discussion applies equally to 'single- wavelength anU ; m^ 
links (i.e., n could be 1) . '• """*._ 

Fig. 18 shows bidirectional WDM transmission on one of the - 
network'fibers. As alluded to above, while ; the specific embodiments used 
separate' fibers for each direction; it" is : 'possible to provide communication 
in both directions oh a single "fiber for" the' 'network traffic. This is true 
for single- wavelength or mult i -wavelength network data transmission in each 
direction. As in the case of the bidirectional supervisory channels shown 
in Fig. 17A and 17B, bidirectional WDM transmission can be implemented* 
using a bidirectional W£)M ' coupler '2 SO. ; the figure also" shows the 
supervisory" channel'' devices' shown in FigV 13 , namely' demultiplexer 160 , 
receiver 165," multiplexer 180 and transmitter 185^. ■ , 

Bidifectionai' operation allows inbound and 'outbound working or 
protection traific to be multiplexed onto one fiber "using separate ■ 
wavelength bands . Specifically, WDM coupler 250 operates as a 
demultiplexer to direct incoming optical signals on a network fiber 252 
onto a fiber 255 while mult iplexin'5 Outgoing optica signals on a fiber 260 
onto network f'iber'^S^: For" 'gehe'rality, the figure shows n outgoing 
wavelength, channels' and m incoming "Wavelength channels, but either or both 
of m and n ' could be 1. ' " ~ 

4 V3 ' Other ' Terminal' 'EcmiDmenf <---rr.-. 

' ' Figs .. 19A-i9C show OSN*' 120 ^deployed in networks - having other 
types of terminal, equipment ^ such as " ATM and IP. Reference numbers : 
corresponding to ? those in fcig f ik'K' will be used where- appropriate . 

>ig. v 'i9X shows i OSJT ; 120 coupled to ADM" 5 0 a s we 1 1 " as an ATM 
switch .,270 and an IP switch or router 275 through protection WDM terminals. 
205 and. working WtM terminals" 205" arid OSN sub-modules- 210. The figure . 
also shows secondary data equipment' '280 (typically IP) coupled to the OSN 
through the OSN ' suH-mooiules/ and the protection 'WDM terminal. 

The OSN sub -modules shown" in the figure carl-serve several- 
functions. For* simplicity, the bypass "path ^ "is : riot shown, but the -OSN sub- 
modules in the protection , paths can beswitched to xause -protcctioh WDM ' 
terminals 205 to act" as* «^ the : OSN as - 

described above in cpnn^ : In the normal state of 

these OSN sub -modules', as shownV the'" p'rofcect i r bn channels are coupled to' the. 
secondary data equipment so that the protection fibers on the network can 
be used during times when they are not needed for restoration.. The OSN 
sub-modules in the working paths are not needed, but may be deployed to 
provide additional versatility. It should be understood that the secondary 
data equipment would not have access to the network during restoration. 

Fig. 19B shows an OSN at a node where there are no SONET ADMs, 
but rather only ATM equipment 270 and IP equipment 275 coupled to the 



'24 



WO 98/47039 



PCT/US98/02515, 



network. working links ...through working WDM terminals, 205/ and the OSN.. Also, 
shown are ; secondary IP- equipment .28?; coupled to ..the .network protection 
links through ^protection, WDM terminals 20.5 andt.heOSN. 

Fig. 19C shows a variant of the configuration in Fig. 19B where. 
5 the ATM and IP equipment on , the .west .side have secondary data ports coupled 
through the ..protection WDM terminal and OSN. to the west side network link 
in the manner that secondary data equipment and 280, in Fig. 19A, secondary 
IP equipment 282 in Fig, 195/ and secondary IP, equipment coupled to the 
east-- side in Fig,. ,19C. . ■ , . /. ... ,..„,. 

10 • .. • . , : ... ; ... , • .. . , v . ... .... ty: . _ ' • 

5.0 . Conclusion . v _.~ :? ■ K , .. : ._. f r .. ( ' 

In. conclusion., it ..can be saen that %he ..present invention '. ■ 
provides powerful and .elegant techniques, for providing, enhanced restoration 
in optical fiber networks. Full protection of multi- wavelength link : &' in a 
15 hybrid network is achieved without having , to prqyide WDM terminal equipment 
at nodes between single-wavelength links in the network. Desired switching 
can be effected using .relatively .simple and.. inexpensive optical switching" " 
nodes, typically using only a small number of nxl and lxn switches' where h 
is less : than the ..number of inputs and... .outputs . of the i node. 
20 . While the ;; abpye : is, a.. complete, description of. specific 

embodiments of the invention, various , npdif icatiqns, alternative 
constructions, and equivalents may be used. For example,. Fig. .13 shows" the 
OSN and its control electronics as being responsible for implementing the 
supervisory channel by generating and monitp.ring messages from adjacent 
25 nodes. It is possible, however, to have the' 'termini! ec^TpWerit'- implement 
the supervisory /channel r f or controlling., the pSN.. , Since WDM terminal 
systems monitor .the .signals: on a- link, .a. WDM-terminal controlled version of 
the OSN can also ; .be-i^plem^^ OSN woulqi be completely 

controlled by the WQM terrqinals, . wh,ich \would. determine . the need f or span. 
30 switching: or .ring: .switching through the use of the WDM supe ryi sory channel 
and other, monitoring features. The, physical, conf iguration oi the OSN would 
be similar to the .particular implementation .describe WDM 
terminal control system . (Element Manager) .would be. required to send the 
required, control signals. (,tq r set .tphe . OS1J in : one .of the valid states for ' 
35 restoration).. Such a-.conf i^ratiQn„would. v have\ipwer loss (since; WDM 

couplers fpr... the/, supervisory channeJL,., would not be required) arid lower ^ ■ 
complexity;, since, less .-processor, capability would be required. ... 

Therefore/ the above description should not be; # jta^eh\ i as' 
limiting the scope*, of the, invention as., def i ne< * PY: the claims r 
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WHAT IS CLAIMED IS : 

1 1. , Amethod of retrofitting an' existing heterogeneous ring 

2 network having adjacent nodes linked by optical working links, 'with at 

3 least one multi -wavelength working link between first and second adjacent 

4 nodes, which first , and second nodes are" capable of sending and receiving 

5 mult i -wavelength signals on the multi -wavelength working link, and at least 

6 one additional node, with' at. least one working link not capable of multi - 

7 wavelength operation, the method comprising the steps of: 

8 providing multi -wavelength optical protection iinks between 

9 adjacent pairs of nodes; and 

10 providing each node with an optical switching assembly having 

11 at least one optical switching element to provide a bypass path wherein 

12 light traveling along one of the node's connected protection links enters 

13 the node and is communicated to the other o£ the node's connected 

14 protection links without being directed to terminal equipment associated 

15 with the node; 

16 the switchipg^ assembly also permitting a state where the 

17 associated terminal^ equipment is coupled' to at least one' of the node's 

18 connected protection links; \ 

19 wherein the multi -wavelength protection links provide an 

20 alternative path between adjacent pairs of nodes in the ' event that, the 

21 working and protection links between the first and second nodes become 

22 incapable of supporting multi -wavelength communication between the first 

23 and second ; nodes, notwithstanding the fact that at least some of the nodes 

24 in the network are not cagab.le of sending and receiving multi -wavelength 

25 signals on their connected working and protection linksT 

1 „ t . 2 . The method of; claim 1 wherein at least one of said working 

2 links includes first and second fibers, each carrying' signals in only one 

3 direction, 

1 3 . . The method of claim 1 wherein at "least one of said 

2 protection links includes, first arid second fibers, eacla ' carrying signals in 

3 only one direction. ^ ^ 

1 . ....... . . ; 4 . The method .of claim. 1 wherein the multi -wavelength working 

2 link includes first and second fibers', e f ach* carrying multi -wavelength 
3. signals in only one direction. 

. 

1 . " 5 . The method of claim 1 wherein at least one of ' said working 5 . 

2 links includes a single fiber carrying signals in both directions. 

» 

1 6. The method of claim 1 wherein the multi -wavelength working 

2 link includes a single fiber carrying multi -wavelength" signals in both 

3 directions .. 
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1 7. An optical network comprising, 

2 a plurality of at least three, nodes where, each given 

3 node including (a) an optical network interface for coupling to two 

4 other nodes in the network, and (b) a terminal interface for coupling 

5 to terminal equipment associated with the given node, and 

6 a corresponding plurality of bidirectional optical links 

7 connecting the plurality of nodes in a ring topology to* ! provide 

8 bidirectional communication between adjacent' paifis of nodes on the 

9 network, each adjacent pair of nodes being connected by- an 

10 intervening one of the opticial links, the" ring being considered to 

11 define two opposite directions arbitrarily ^designated "upstream and 

12 downstream so that each node has ups treaty and dowristr earn , ad jaicent.' " 

13 nodes, . 

14 wherein: . ' 

15 each optical link has a bidirectional working link' and a ] 

16 bidirectional protection link; ....... 

17 each node's network interface includes first and second' network 

18 working ports and first and second network protection .ports ; 

19 each node's terminal interface includes' first' and second 

20 terminal working ports and first and second terminal protection ports; ' 

21 each node's first working; and protection' ports are coupled to 

22 the node's upstream adjacent node's second working and protection ports, 

23 respectively; 

24 each node ha.s an optical switching assembly 'having ""at . least' one. 

25 optical switching element, the .optical switching ^assemHly* Having at least a 

26 normal state coupling the node's associated termini 

27 node's first and second network working ports through tHe' node's £irst and 

28 second terminal working ports; 

29 the. network is a heterogeneous network wherein 

30 at least a first working link between first and second 

31 nodes of the plurality of nodes is configured 'to support* 

32 communications at a first bandwidth, 

33 terminal equipment associated with the first and second 

34 nodes is. capable of sending and receiving communicatibns at the 

35 particular first bandwidth on the first working link, "arid 

36 * terminal equipment associated with at least "one of the"' 

37 nodes is capable of sending and receiving communications at a second 

38 bandwidth that is less than the first bandwidth/ biit is not capable 

39 of sending and receiving communications' at the "first "bandwidth; ' 

40 all the protection links are configured to support 

41 communications at the first bandwidth; 

42 .the first node's optical switching assembly has a first 

43 switching state that selectively' couples the f irst node' s associated 

44 terminal equipment to. the first node's first network protection port 

45 through the first node's second terminal working port; 
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46 ' the second tiode 4 's optical . switching assembly has a second 

47 switching state that- selectively couples the- second node's associated 
4 8 terminal equipment to the second node's second network protection port 

49 through the second node's first terminal working port; and 

50 the optical switching assembly of each of at least those nodes 

51 other than the first and second nodes has a bypass state that selectively 

52 couples the node's first' and second protection' ports to' a bypass path that 

53 bypasses the node's terminal interface, thereby allowing communications at 

54 the first bandwidth between the first' arid second nodes over the protection 

55 links other than the first £rotefction link in the event that the first 

56 working and protection liriks become incapable of supporting communications 

57 at the f irst bandWidth between the first and second nodes. 

^ ■> 

1 * 8'. The optical' network of claim 7 wherein at least one of the 

2 working links other than the first working link is not : capable of 

3 supporting communications at the first bandwidth. 

< ' ' : ' *' ■ ' 

1 9. The optical network of claim 7 wherein the optical 

2 switching assembly' of each' of the first a*nd second nodes has the bypass 

3 state . ■ 4 ■ 

1 i'o . the bptidal network of claim 7 wherein the optical 

2 switching assembly of each of nodes has the first and second switching 

3 states. ' '' ■■■*■■<•-.'■ 

1 11. The optical network of claim 7 wherein: - 

2 . . the iirst^bahdwidth is' determined" by a "bit rate per channel and 

3 a plurality of wavelength" channels ,- " ' : ' : ;V 

4 the teraihal* equipment at the fixst^ arid seconi 'hodes has 

5 associated waveiength division multiplexing (WDM) capability; . 

6 the second bandwidth is determined by 'the same bit rate per 

7 channel and a' single wavelength channel ; and 

8 terminal equipment associated with at least one node lacks 

9 associated. WDM capability. " ' ' . ' 3 

1 ' 1'2 . "The 'optical hetwbrk of claim 7 v wherein; 

2 : . " the first' bandwidth is determined by a bit rate per channel and 

3 a plurality of waveiength charin'eis; ' " 

4 the terminal iequipment at tile first and second nodes has ' : 

5 associated wavelength division multiplexing (WDM) capability; and 

6 the second bandwidth is determined by the same bit rate per' ' : 

7 channel and a smaller plurality of waveiength channels.' 

1 13. The' optical network of claim 7 wherein:' ■ 

2 the .first bandwidth is determined by a bit rate per channel and 

3 a plurality of wavelength channels; and 
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4 . . the secpnd bandwidth., is, .determined by a lower bit rate per 

5- channel and. the same • size pluralityvof wavelength channels. . 



1 14 . An op.tical networX compri^iLng, 

2 a, plurality, of N , npdes where , N „ > 2 , eaph given node 

3 including an optical network interf ace fo^. coupling tp^.twp pther . 

4 nodes in the network and a.„ terminal, interface for coupling, to 

5 terminal -equipment associated .with \th^giyen node , and 

6 a plurality of, N bidirectional, ppt^ connecting 

7 . the plurality of N. nodes in a ring topology to .provid<|. bidirectional 

8 communication between adjacent pairs of, jiqde^qn the network/ . each'. 

9 adjacent pair of ...nodes ? being, connected by ajv .ii^t^rvje^itng^pne^of .the 

10 optical links, the ring being considered to define two opposite 

11 directions arbitrarily designated upstream and. downstream so that 

12 each node has upstream and downstream adjacent npdes, . . 

13 wherein: 

14 each optical link has a bidirectional working link and a 

15 bidirectional protection l.i^k; , ... , . .. 

16 each node * s . network, interface . includes a first working port , a 

17 second working port, a first protection port, and a second protection port; 

18 each node's first working and protection ports are coupled to 

19 the node's upstream .adjacent node's seconcL working ^ and protection ports, 

20 respectively; , : - . . , ^ . , t 

21 the network is a heterogeneous network wherein 

22 at least, the first working link is configured for multi- 

23 wavelength operation,,,. 

24 .,. the first and. second nodes hay^e , terminal w interf aces 

25 providing wavelength division multiplexing jqapability to- support 

26 multirwayeliengt^ 

27 , at leas.t one of., the... working lin^.s. is K not . configured for 

28 mult i- wavelength pperatipii,. and...,'. ^ r, 

29 at least one of the. nodes : has^a ; tepnina.l r w int erf ace that . 
3 0 doe s ■ no t .. .provide wave length diyi s i on ^ mul t ip 1 §xing c apabil i jty ; 

31 all the protection links are conf igured £ pr : mult i -wavelength 

32 operation; 

33 each node ..includes at least one optical switching .element to 

34 selectively couple. : the node' ^ f irsp r ,,and,.secphd i prot a bypass 

35 path that bypasses the node's terminal interface.,., thereby allowing raul'ti- 

36 wavelength comm^icatipn between.- th^ the 

37 protection links- other.. £han. the f irst ^prot^qtipn .link in. the. event., that the 

38 first working and protection links., become incapable of supporting multi- 

39 wavelength communication between. £he v first. arid s ecpnd.. nodes v _ 

1 15. The network of . claim 14 wherein at. least one of the bypass 

2 paths includes, a regenerator. ... 
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1 16 . The network of . claim 14 wherein at least one of the 

2 protection links includes, an amplifier. 

1 1 7 . . An optical .switching node for use at nodes in a 

2 heterogeneous network, the network including terminal equipment connected 

3 by network links, the network links ^ including 

4 a first link between a pair of nodes having terminal equipment 

5 capable of terminating a first type of communications, and 

6 a second l^nH., coupled to a node having terminal equipment that 

7 is capable of . terminating a . second type of communications but 

8 . incapable ^of terminating the first type of cpmmunications, 

9 the optical. ..switching node, comprising: 

10 first and second sets of bidirectional working and protection 

11 network ports for coupling to respective first and second bidirectional 

12 network links; 

13 first and second sets of bidirectional working and protection 

14 terminal equipment ports for coupling to first and second portions of 

15 terminal equipments .each set of terminal equipment .for sending and 

'16 receiving, data,, to ; . anci. from said first and second bidirectional network 

17 links; , 

18 . a set. of switch, elements connected to said sets, of network and 

19 terminal equipment ports for. establishing span and ring switching in the 

20 event of a failure in the first link. 

1 . ..3 8^ The,. optical, switching node-- of claim 17 wherein: 

2 the first type, of communications is characterize a first 

3 number . o £, wave length ..channels.;. ,.aii4, 

4 .the, second ,type q{ . communications is characterized by a second 

5 number of wavelength channels that is smaller than the first number. 

1 . . 19... The. optical., switching npde of claim 17 wherein: 

2 the. first .type,.. of communications is characterized by a first 

3 bandwidth ...and. a, f ir ; st . dat a. . format; ;_and r .. v 

4 the second type of communications is characterized by a second 

5 ; bandwidth that is;.. smaller than the .first ^ bandwidth or a second data format 

6 that, is different from, the first ..data .format. 

1 20. The optical switching node of claim 17 wherein the set of 

'2 switch elements includes: 

3 first 1x3 and 3x1 switches having their single terminals 

.4 coupled to the first set of working terminal equipment ports; 

5 second 1x3 and 3x1 switches having their single terminals 

6 coupled to the second set of working terminal equipment ports; 

7 first 1x5 and 5x1 switches having their single terminals 

8 coupled to the first set of protection network ports; 
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9 second 1x5 and 5x1 switches having their single .terminals 

10 coupled to the second set of protection network ports; arid 

11 a set of interconnections among the switches. 

1 21, The optical' switching node of claim 17; and further 

2 comprising: '* 

3 ' control electronics operating to: - : - 

4 generate messages' for output; 

5 process incoming messages; . - 

6 control the set of switch "elements based on the messages 

7 received arid the messages expected but 'not received; ' 

8 wavelength multiplexing equipment coupled t'b the 'network ports 

9 for allowing messages to be communicated between the contrbl electronics; 
10 and the network •* ' ' • r '-~'"~ .> 

1 22. The optical switching node of claim 17 wherein the control 

2 electronics includes a programmed computer. 

1 23.' An optical' switching node for use' at nodes in a 

2 heterogeneous network, the network including ' termirial equipment ■■■connected 

3 by network links,, the network links including 

4 at least one mult i -wavelength link between a pair of nodes 

5 having terminal equipment capable of terminating multi- wavelength 

6 communications, and ' ! 

7 at least one link . coupled to a node having terminal equipment 

8 that is incapable "o't" termihatihg 'multi-wa' 

9 the optical switching* node comprising: " ** ' ' : ; ' ' " : :;r 

10 first and second sets of bidirectional' ".working ■'and'protectiori 

11 network port's for coupling to' respective 

12 network' link's ; " • * : ' ' ' '"'* '*••*-■-■■'•-■••."—"•' ' 

13 first and second sets of bidirectional working and protection 

14 terminal equipment ports for coupling to' first and" second portions of 

15 terminal equipment, each set of terminal' equipment and 

16 receiving data to and from said first 'and second; bidirectiohal network 

17 links;' : '"* ' * " - v ^ s — i-r:- : sy.-'K*---: v^y 

18 a*. set of switch element's congee said' 'sets of network ind 

19 terminal equipment ports for est^bii^hihg span arid ring switching in the ' 

20 event: of a failure in a multi-wavelength link. 
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